The human guanylate-binding proteins (hGBPs) exhibit diverse antipathogenic and tumour-related functions which make them key players in the innate immune response. The isoforms hGBP-1 to hGBP-5 form homomeric complexes and localise to specific cellular compartments. Upon heteromeric interactions, hGBPs are able to guide each other to their specific compartments. Thus, homo-and heteromeric interactions allow the hGBPs to build a network within the cell which might be important for their diverse biological functions. We characterised homomeric complexes of hGBPs in vitro and presented most recently that nonprenylated hGBP-1 and hGBP-5 form dimers as highest oligomeric species while farnesylated hGBP-1 is able to form polymers. We continued to work on the biochemical characterisation of the heteromeric interactions between hGBPs and present here results for nonprenylated hGBP-1 and hGBP-5. Multiangle light scattering identified the GTP-dependent heteromeric complex as dimer. Also hGBP-5's tumour-associated splice variant (hGBP-5ta) was able to form a hetero dimer with hGBP-1. Intriguingly, both hGBP-5 splice variants were able to induce domain rearrangements within hGBP-1. We further characterised the homo and hetero dimers with F€ orster resonance energy transfer-based experiments. This allowed us to obtain affinities and kinetics of the homo and hetero dimer formation. Furthermore, we identified that the LG domains of hGBP-1 and hGBP-5 build an interaction site within the hetero dimer. Our in vitro study provides mechanistic insights into the homomeric and heteromeric interactions of hGBP-1 and hGBP-5 and present useful strategies to characterise the hGBP network further.
Introduction
The family of human guanylate-binding proteins (hGBPs) consists of seven isoforms (hGBP-1 to hGBP-7) and is strongly upregulated in response to interferon-c and other cytokines [1] [2] [3] [4] [5] . The hGBPs exhibit diverse biological functions which mark them as key players in the innate immune response [6] [7] [8] [9] [10] . Most recently, it was demonstrated that hGBP-1 prevents cell-to-cell spread of Shigella flexneri by inhibiting the actin-dependent motility of the gram-negative bacterium [11, 12] . Interestingly, the bacterium evolved a mechanism to counteract this host defence [11] [12] [13] . Binding of hGBP-1 to cytosolic S. flexneri was demonstrated in several human cell lines (HeLa, THP1, A549, and HEK 293T cells) and in HeLa and THP1 cells other hGBPs were recruited in a hGBP-1-dependent manner to S. flexneri [11] [12] [13] , although hGBP-1 alone was sufficient to block actin-tail formation [11, 12] . Besides antibacterial effects, hGBPs provide antiviral effects as well as tumour-related functions, with hGBP-1 and hGBP-5 being the most prominent isoforms involved. The two isoforms act in host defence against hepatitis C virus, influenza A virus, and human immunodeficiency virus [14] [15] [16] [17] [18] among others and activate the NRLP3 inflammasome [19] . Furthermore, hGBP-1 mediates antiproliferative and anti-invasive effects in endothelial cells (HUVECs and MVECs) and colorectal carcinoma cell lines [20] [21] [22] . Human GBP-5 and its splice variant hGBP5ta, which is truncated at the C-terminus by 97 residues including its CaaX box that allows geranylgeranylation, are expressed in cutaneous T-cell lymphoma (CTCL) cell lines and melanoma cell lines suggesting cancer-related functions [23] . Interestingly, the truncated splice variant hGBP-5ta shows higher immunogenicity than hGBP-5 and is additionally expressed in CTCL tissues [23] . In vitro, nongeranylgeranylated hGBP-5 and hGBP-5ta have similar biochemical properties [24] . They have comparable nucleotide binding affinities, show similar GTP turnover numbers and dimerise in a resembling nucleotide-specific manner [24, 25] . Like hGBP-1, the two hGBP-5 splice variants undergo cooperative GTP turnover but with a lower ability to activate themselves. While hGBP-1 catalyses the turnover of GTP to GDP and GMP by using a unique mechanism, the hGBP-5 splice variants lack the ability to produce GMP, although the amino acids crucial for it are conserved [24, 26, 27] . Thus, the higher immunogenicity of hGBP-5ta was linked to its missing geranylgeranyl moiety [23, 24] .
Studies in HUVEC and HeLa cells demonstrated that hGBP-1 to hGBP-5 form homomeric complexes and localise to specific compartments [5, 28] . It was proposed that by additional heteromeric interactions the proteins form a network in which different hGBP isoforms recruit each other in a hierarchical manner [28] . It seems that in this network, the prenylated hGBPs (hGBP-1, hGBP-2 and hGBP-5) guide the nonprenylated hGBPs (hGBP-3 and hGBP-4) to membranes [28] . Also, hGBP-1 is able to guide both, hGBP-2 and hGBP-5, to its vesicle-like structures within the cytosol [28] . If those vesicle-like structures represent hGBP-1-coated vesicles or the homomeric polymers that we identified recently [29] remains elusive. Binding to membranes as well as polymer formation are abilities which are gained by the farnesyl moiety attached to hGBP-1's CaaX box [28] [29] [30] [31] . However, the other biochemical properties of farnesylated hGBP-1 are not altered when compared with nonfarnesylated hGBP-1 [29] . For studying in vitro homomeric and heteromeric interactions it is hence reasonable to use nonprenylated hGBPs in order to get valuable mechanistic details as we did in our previous studies [24] [25] [26] [32] [33] [34] .
The two isoforms hGBP-1 and hGBP-5 share a 68% sequence homology which suggests a similar domain topology. Crystal structures illustrate that hGBP-1 is composed of three domains -a large GTPase (LG) domain containing the catalytic centre, a middle domain (MD) giving the protein an overall elongated shape and a GTPase effector domain (GED) which folds back, flanks the MD and is connected to the LG domain by several salt bridges [32, 35, 36] . Our biochemical studies revealed that these salt bridges transmit nucleotide-dependent structural rearrangements from the N-terminus to the C-terminus of hGBP-1 which result in a rearrangement or opening of the GED against the LG domain/MD [25, 32, 37] allowing an interaction of the two a13 helices located at the C-terminal end [38] . The disruption of the salt-bridge contacts by introducing charge reversal mutations led to a permanent loose GED in hGBP-1 and thus enhanced the binding of farnesylated hGBP-1 to membranes in HeLa cells [32] . Half of these salt bridges are missing in hGBP-5 and we showed recently that the protein's C-terminal domain, which corresponds to hGBP-1's GED, is flexible already in the nucleotidefree state [25] . The tumour-associated splice variant hGBP-5ta lacks this C-terminal domain. The intramolecular rearrangement of hGBP-1's GED is needed for tight dimerisation of the protein which is induced during GTP turnover and by binding of the GTP transition-state analogue GDPÁAlF X [25, 32, 37] . Like hGBP-1 but more slowly, the isoform hGBP-5 dimerises upon binding of GDPÁAlF X [25] . Also hGBP-5 dimerises during GTP turnover [24] . In contrast to hGBP-1, binding of the nonhydrolysable GTP analogue GppNHp and the slowly hydrolysable GTP analogue GTPcS induced the dimerisation of hGBP-5 [25] . Hence, the homo dimerisation of the two isoforms shows different prerequisites (GTP binding and hydrolysis) which indicate altered dimerisation mechanisms.
Prerequisites for hGBP-1 and hGBP-5 to interact with each other were not revealed until now and are presented in this work. Here, we demonstrate that the two isoforms need the same prerequisites to form a heteromeric complex as hGBP-5 does to form its homo dimer and that the heteromeric complex is as well dimeric. As found previously for its homo dimerisation, we show here that hGBP-1's GED is rearranged also upon hetero dimerisation. In addition, we show that hGBP-1 and hGBP-5 interact through their LG domains, which leads to stimulation of the GTPase activity. We characterised the GTPcS-induced hetero dimer further and by utilising inter-and intramolecular F€ orster resonance energy-transfer experiments we revealed affinities and kinetics of the isoforms' homo and hetero dimer formation which help us to understand the hGBP network better.
Results and Discussion
Homo dimerisation of hGBP-1 and hGBP-5 and their heteromeric interaction are triggered by binding of GTP analogues
Within the cell, a mixture of GTP, GDP and GMP is present, whereby GTP binding and/or GTP hydrolysis is triggering the homo dimerisation of hGBP-1 and hGBP-5 [24] [25] [26] . It is conceivable that the heteromeric complex formed between the two isoforms identified in cellula by Britzen-Laurent et al. [28] is also induced in a GTP-dependent manner. Therefore, we used the intermolecular F€ orster resonance energy-transfer (FRET) set-up established recently by us [25] and tested the natural guanosine nucleotides GTP, GDP and GMP as well as the GTP analogues GppNHp (nonhydrolysable) and GTPcS (slowly hydrolysable), and the GTP transition-state analogue GDPÁAlF X for their ability to induce homomeric and heteromeric interactions (Fig. 1A-C) . We mixed equimolar concentrations of donor-and acceptor-labelled hGBP (5 lM each), incubated the proteins for 5 min and added the respective nucleotide to induce intermolecular interactions (time point 0 s). The donor dye Alexa488 was excited and FRET between donor-and acceptorlabelled hGBP molecules was monitored over time by detecting the emission of the acceptor dye Alexa647. Noteworthy, in case of hGBP-1 the fluorescent dyes are located at the CaaX box cysteine of the protein as demonstrated recently [25] , whereas in case of hGBP-5 the fluorescence dyes could not be assigned to a specific cysteine or a domain. This has to be considered when comparing the relative fluorescence intensities observed here for the homo dimerisation of hGBP-1 and hGBP-5. The intermolecular FRET experiments reflected the monomer-dimer equilibria for hGBP-1 and hGBP-5 described recently by us [25] . While the majority of the hGBP-1 molecules dimerised rapidly in the presence of GDPÁAlF X , most of the hGBP-1 molecules stayed monomeric after GppNHp and GTPcS addition (Fig. 1A) . During GTP turnover hGBP-1 cycles constantly and fast between GTP-, GDP-, and GMP-bound states which resulted here in an averaged fluorescence signal. After 300 s at given protein and GTP concentration, product inhibition became relevant (Fig. 1D ) which led to a decrease in fluorescence as GDP-as well as GMP-bound hGBP-1 is monomeric (Fig. 1A) . The isoform hGBP-5, however, dimerised slowly in the presence of GDPÁAlF X but rapidly upon GppNHp and GTPcS addition, respectively (Fig. 1B) . In comparison, the increase in fluorescence during GTP turnover was marginal, although with a total concentration of 10 lM almost half of the hGBP-5 molecules could be considered to be in the dimeric state (K D = (12 AE 4) lM, Fig. 1E ). As the maximal change in fluorescence for the hGBP-5 dimerisation was around 20% it is reasonable that we observe only a marginal increase in fluorescence when the protein is cycling between different nucleotidebound states during GTP turnover (Fig. 1B) . Besides, the labelling with fluorescent dyes did not alter the proteins' GTPase activity (data not shown) or their homo dimerisation (Fig. 1G) .
Testing the ability of hGBP-1 and hGBP-5 to interact with each other nucleotide dependently (Fig. 1C) revealed something interesting. The fluorescence time courses of donor-labelled hGBP-1 and acceptorlabelled hGBP-5 after addition of GTPcS and GDPÁAlF X , respectively, followed similar kinetics as observed for the homo dimerisation of hGBP-5 (Fig. 1B) . GTPcS induced a fast increase in fluorescence, whereas GDPÁAlF X addition led initially to a decrease in fluorescence followed by a recovery phase which was slow in its kinetics. Monitoring 5 lM donor-labelled hGBP-1 alone under the same settings led as well to a decrease in fluorescence, whereas the slow recovery over time did not occur (data not shown). Therefore, we conclude that after addition of GDPÁAlF X donor-labelled hGBP-1 dimerises rapidly which leads to a decrease in fluorescence under the given settings. The slow recovery of the fluorescence signal can be explained by the heteromeric interaction. GppNHp addition led also to an increase in fluorescence, which was smaller compared to the fluorescence increase induced by GTPcS (Fig. 1C) . The natural substrate GTP, however, induced no increase in fluorescence in the intermolecular FRET set-up.
The two isoforms show remarkable differences when it comes to GTP turnover. As a reminder, the affinities of the isoforms' homo dimers during GTP turnover differ by more than 50 times (Fig. 1E , K D = (0.22 AE 0.03) lM and (12 AE 4) lM) and the maximal turnover number for hGBP-1 is more than four times larger than for hGBP-5 ( Fig. 1E, Fig. 1D ). We therefore asked if an altered GTP turnover rate or a different product formation may hint to an interaction between hGBP-1 and hGBP-5 during GTP turnover. In analogy to Fig. 1D , where we analysed the nucleotide amounts of GTP, GDP and GMP after defined time points during GTP turnover catalysed by 10 lM hGBP-1 and 10 lM hGBP-5, respectively, we analysed the nucleotide amounts during GTP turnover catalysed by the mixture of hGBP-1 and hGBP-5 (Fig. 1F) . The products formed during GTP turnover catalysed by the mixture of hGBP-1 and hGBP-5 (5 lM each) were the same as when adding up the products during GTP turnover catalysed by 5 lM hGBP-1 and hGBP-5 alone. An increase of 13% was determined for the GTP turnover rate when relating the turnover rate of the mixture of the isoforms to the sum of the turnover rates of hGBP-1 and hGBP-5 measured separately. This higher GTP turnover may be due to an interaction between the two isoforms. Combined, our results demonstrated that the prerequisites for hGBP-1 and hGBP-5 to interact with each other are similar as for the homo dimerisation of hGBP-5.
hGBP-1 forms GTPcS-induced hetero dimers with both hGBP-5 splice variants Although GppNHp and GTPcS induced the homo dimerisation of hGBP-5 to similar extents in the intermolecular FRET experiments, the heteromeric interaction of hGBP-1 and hGBP-5 was triggered remarkably more by GTPcS than by GppNHp (Fig. 1B,C) . Furthermore, even though GppNHp-as well as GTPcSbound hGBP-1 is mainly monomeric, we observed that with increasing protein concentrations an increasing fraction of hGBP-1 was forming homo dimers when binding GTPcS but not GppNHp (Fig. 1H ). Thus, GTPcS is able to induce homo dimers of both, hGBP-1 and hGBP-5. However, the two GTPcS-induced homo dimers differ in their affinities with hGBP-1's homo dimer being weaker than hGBP-5's. Noteworthy, we did not observe concentration dependency for the heteromeric interaction induced by GppNHp (Fig. 1I) . Hence, we focused initially on the GTPcS-induced heteromeric interaction. As our intermolecular FRET experiments give no information about how many hGBP-1 and hGBP-5 molecules build the observed heteromeric complex, we performed size-exclusion chromatography-coupled multiangle light scattering (SEC-MALS) to determine its molecular mass. Therefore, we measured the mixture of hGBP-1 and hGBP-5 (30 lM each) nucleotide free and in the presence of GTPcS to determine the corresponding molecular masses at the same time ( Fig. 2A) . When measured nucleotide free, the mixture of hGBP-1 and hGBP-5 resulted in two separated peaks showing monomeric molecular masses (m MALS = 72 kDa and 75 kDa, respectively) at the proteins' specific elution volumes with hGBP-5 eluting at a smaller volume than hGBP-1. In our previous study we identified hGBP-5's Cterminal domain, which corresponds to hGBP-1's GED, to be the major reason for its elution at a smaller volume. We concluded that this domain is in contrast to hGBP-1's GED already flexible in the nucleotide-free state which increases the hydrodynamic radius of the protein and alters therefore its elution behaviour [25] . Measuring the mixture of hGBP-1 and hGBP-5 in the presence of GTPcS revealed the following ( Fig. 2A) : The absorption of the monomeric peak at the largest elution volume (hGBP-1) decreased while the other peak (hGBP-5) shifted to a smaller elution volume and a higher molecular mass (m MALS = 119 kDa) without loosing its absorption intensity. The peak with the higher molecular mass represented two species which equilibrated rapidly between monomers and dimers and this equilibrium was shifted to the dimers. We performed SEC again with Alexa647-labelled hGBP-1, nonlabelled hGBP-5, and the mixture of both in the presence of GTPcS, collected fractions of the peaks and took emission spectra of these fractions ( Fig. 2B,C) . By this means, we were able to detect the Alexa647-labelled hGBP-1 in the peak at the smaller elution volume showing a higher molecular mass and could identify the heteromeric species as a dimer. Next, we tested if the tumour-associated splice variant of hGBP-5, hGBP-5ta, was also able to form a heteromeric complex with hGBP-1. Intermolecular FRET experiments performed in a nucleotidedependent manner revealed similar results as for the heteromeric interaction of hGBP-1 and hGBP-5 (data not shown). GTPcS was the nucleotide inducing the heteromeric interaction most notably and we found something interesting when performing our SEC-based experiments. When measuring hGBP-5ta alone nucleotide free and in the presence of GTPcS, the elution volumes differed hardly from each other, although the C-terminal truncated splice variant was monomeric (m MALS = 58 kDa) when nucleotide free and dimeric (m MALS = 125 kDa) when bound to GTPcS (Fig. 2D ). In combination with Alexa647-labelled hGBP-1, a peak at a smaller elution volume appeared which was identified as the heteromeric complex (Fig. 2E,F) being dimeric.
Hydrodynamic radii of hGBPs are increased by both dimerisation and intramolecular rearrangements
The hydrodynamic radius of a protein can be increased apart from dimerisation or oligomerisation also by intramolecular rearrangements. Both is the case for hGBP-1 as we demonstrated recently [25] . We found that the rearrangement of hGBP-1's GED is induced and stabilised during homo dimerisation and that both, the dimerisation as well as the opening of the GED against the rest of the protein increased the hydrodynamic radius and thus led to the elution at small elution volumes during SEC [25, 37] . This is demonstrated here once more when comparing the elution volumes of monomers and dimers of hGBP-1 and its truncated form missing the GED (hGBP-1 DGED, Fig. 3) . The difference between the elution volumes of hGBP-1's closed monomer and open dimer is significantly larger than the difference between the elution volumes of monomeric and dimeric hGBP-1 DGED. In contrast, differences between the elution volumes of monomeric and dimeric hGBP-5 and hGBP-5ta are in a similar range (Fig. 3) which could be explained with hGBP-5's C-terminal domain which is flexible or open in the monomeric as well as in the dimeric state [25] . Mapping the elution volumes of the two hetero dimers in the chromatograms demonstrated that hGBP-5's homo dimer and the hetero dimer hGBP-5 forms with hGBP-1 adapt similar hydrodynamic radii, whereas the hetero dimer formed between hGBP-1 and hGBP5ta eluted earlier than the hGBP-5ta homo dimer (Fig. 3) . If this larger hydrodynamic radius of the hetero dimer is due to the presence of hGBP-1's GED and thus exclusively due to an increase in size or if hGBP-1's GED opens within the hetero dimer and thus additionally increases the hydrodynamic radii cannot be shown with SEC.
Upon homo dimerisation hGBP-1's GED undergoes a rearrangement and moves away from the rest of the protein [25, 37] . We asked, if this rearrangement of the GED also occurs upon hetero dimerisation with hGBP-5 or its splice variant. In our recent study [25] we established a FRET set-up which allows us to monitor intramolecular FRET between hGBP-1's GED and the rest of the protein. This is achieved by using a double-labelled hGBP-1, carrying the acceptor dye at the CaaX box cysteine (GED) and the donor dye at another cysteine within the protein (LG domain/MD) [25] . Intermolecular FRET between the double-labelled hGBP-1 (hGBP-1 A/D) molecules is prevented by adding a large molar excess of nonlabelled hGBP. We measured intramolecular FRET of hGBP-1 A/D in the presence of nonlabelled hGBP-1, hGBP-5 and hGBP5ta, respectively, after nucleotide addition (Fig. 4) . A decrease in fluorescence detected in this set-up represents the rearrangement of hGBP-1's GED during homo and hetero dimerisation. As only a minor fraction of hGBP-1 homo dimerises upon GTPcS addition (resulting in a fluorescence decrease of 10%), we added here the fluorescence time course after GDPÁAlF X addition for comparison which represents the maximal decrease in fluorescence upon hGBP-1 homo dimerisation, being 75% (Fig. 4A) . Both, hGBP-5 and hGBP5ta, induced a large decrease in fluorescence (65% and 45%, respectively) when forming the respective GTPcS-induced hetero dimer (Fig. 4B ). Furthermore, we tested if this intramolecular rearrangement is biologically relevant and monitored intramolecular FRET during GTP turnover (Fig. 4C) . As for the intermolecular FRET experiments, an averaged fluorescence was monitored here as the hGBPs cycle between GTP-, GDP-, and GMP-bound states during GTP turnover. Intriguingly, the fluorescence of the double-labelled hGBP-1 decreased in the presence of hGBP-1 and hGBP-5 to similar levels after the addition of GTP (14% and 16%), whereby the time course of the recovery of the fluorescence signal differed. In case of the homo dimerisation, the recovery of the fluorescence signal finished around 600 s while in case of the hetero dimerisation the recovery of the signal was reached after 1800 s. This observation is explained by the faster GTP turnover of the hGBP-1 homo dimer (Fig. 1D,F) . The fluorescence decrease in the presence of hGBP-5ta was small (5%) and recovered in a similar time as in the presence of hGBP-5. Thus, hGBP-1's GED rearranges upon homo and hetero dimerisation, the latter being induced by GTPcS binding and also during GTP turnover. Noteworthy, binding of GppNHp did not rearrange hGBP-1's GED to significant extents in the presence of hGBP-1 or hGBP-5 (Fig. 4D) . We conclude that GTP and likewise GTPcS are able to induce a conformational change within hGBP-1 which allows the protein to release its GED, whereas GppNHp is not. Thus, we assume that GTPcS might mimic the binding of GTP to hGBP-1 better than GppNHp.
Intermolecular FRET serves as measure for the affinity of homo dimers but not for the affinity of hetero dimers
In the past, measuring the GTP turnover of hGBP-1 and hGBP-5 in a protein concentration-dependent manner allowed us to quantify the affinities of the homo dimer formation as both isoforms hydrolyse GTP cooperatively ( [24, 26, 40] and Fig. 1E ). However, when mixing hGBP-1 and hGBP-5 the contributions of the homo and hetero dimers to the GTP turnover could not be separated (Fig. 1E) , thus the GTP turnover number could not been used for quantification here. Therefore, we tested if the intermolecular FRET set-up can be used to quantify the affinities of dimer formation in principal. For a start, we varied the total concentration of donor-and acceptor-labelled hGBP-1 (keeping their ratio equimolar) and induced homo dimerisation with GDPÁAlF X . Increasing protein concentrations led to increasing maximal fluorescences whereby saturation was reached approximately at a total protein concentration above 1 lM (Fig. 5A) . The maximal fluorescence plotted against the total protein concentration was following a quadratic equation which described the monomer-dimer equilibrium and gave the dissociation constant K D for the homo dimer formation (Fig. 5B) . The resulting K D of (0.08 AE 0.06) lM for the GDPÁAlF X -induced homo dimerisation of hGBP-1 demonstrates how tight the hGBP-1 dimer is during its first hydrolysis step and serves as proof of concept here. As GDPÁAlF X induced only slow hetero dimerisation (Fig. 1C) , we focused on the GTP binding-induced homo and hetero dimerisation, using GTPcS as GTP analogue. Intermolecular FRET experiments with donor-and acceptor-labelled hGBP-5 done in a concentration-dependent manner revealed a K D of (5.8 AE 0.8) lM for the GTPcS-induced homo dimerisation (Fig. 6A) . The homo dimer of hGBP-5's Cterminal truncated splice variant showed with a K D value of (4.4 AE 0.3) lM a similar affinity (Fig. 6A) . This was expected as the biochemical properties of hGBP-5 and its splice variant such as nucleotidebinding affinities, hydrolysis kinetics and nucleotidespecific oligomerisation were shown to be similar in our previous work [24] . Also, the K D app values with (2.0 AE 0.8) lM and (4 AE 2) lM were similar for the hetero dimer formation between hGBP-1 and hGBP-5 and hGBP-5ta, respectively (Fig. 6B) . These determined dissociation constants are only apparent values as hGBP-5 and hGBP-5ta form homo dimers in the presence of GTPcS and thus compete with the formation of the respective hetero dimer. Therefore, the actual dissociation constants for the hetero dimer formation were supposed to be lower. Next, we asked if the dissociation kinetics of the dimerisation differ between the splice variants and performed displacement assays. For that purpose, donor-and acceptor-labelled proteins, 1 lM each, were mixed, dimerisation was triggered by the addition of GTPcS and after the fluorescence reached its maximum 200 lM nonlabelled protein was added (time point 0 s) to displace the preformed dimers ( Fig. 6C) . Resulting fluorescence time courses were fitted with single exponentials and gave the dissociation rate constants k off of (0.010 AE 0.002) s À1 and (0.009 AE 0.001) s À1 for the homo dimer complexes of hGBP-5 and hGBP-5ta, respectively, showing no differences in their kinetics. Intriguingly, the dissociation kinetics of the hetero dimer complexes differed (Fig. 6D) . The dissociation of the hetero dimer formed between hGBP-1 and hGBP-5 was with a k off of (0.0080 AE 0.0004) s À1 similar to the dissociation of the homo dimers of the two splice variants, but the dissociation of the hetero dimer formed between hGBP-1 and hGBP-5ta was with a k off of (0.03 AE 0.01) s À1 nearly four times faster.
The rearrangement of hGBP-1's GED serves as measure for the kinetics of the hetero dimer formation
As presented above (Fig. 1A, 4A ) and in our previous study [25] , GTPcS induced only partly homo dimerisation of hGBP-1 leading to a small decrease in fluorescence in intramolecular FRET experiments. In contrast, GTPcS induced besides homo dimerisation of hGBP-5 also considerable hetero dimerisation of the two isoforms with hGBP-1, which we demonstrated by SEC-MALS and intermolecular FRET (Fig. 1C, 2A) . Also in intramolecular FRET experiments with GTPcS we observed a large decrease in fluorescence in the presence of hGBP-5 ( Fig. 4B ) which could be utilised to determine the kinetics of the hetero dimerisation. Two points had to be considered here: Firstly, an excess of nonlabelled hGBP-5 over double-labelled hGBP-1 of at least 15 times had to be used to guarantee pseudo-first-order conditions for the kinetics of the hetero dimerisation. Secondly, the free monomer concentration of hGBP-5 had to be calculated as homo dimerisation of hGBP-5 is competing the hetero dimerisation. A good approximation was calculating the free hGBP-5 monomer concentration from the K D value of its homo dimer as the k off value displayed that the dissociation of the homo dimer was slow on the time scale measured here. Considering those two points, we performed intramolecular FRET experiments with varying concentrations of hGBP-5. The kinetics of the resulting fluorescence time courses were faster with increasing hGBP-5 concentration (Fig. 7A) . Fitting the time courses with single exponentials gave the observed rate constant k obs for each hGBP-5 concentration measured. Plotting the obtained k obs values against the respective free hGBP-5 monomer concentration gave a linear regression in which the association and dissociation rate constants of the hetero dimerisation correspond to the slope and the intercept, respectively (Fig. 7B) . The association rate constant k on was (0.013 AE 0.001) lM À1 Ás À1 and the dissociation rate constant k off was (0.004 AE 0.006) s À1 , the latter containing a large error value. Therefore, for calculation of the dissociation constant, the k off determined from displacement assays was used (Fig. 6D) giving the K D of (0.6 AE 0.1) lM for the hetero dimer formation between hGBP-1 and hGBP-5. As assumed earlier, the actual K D was lower than the apparent value determined in the intermolecular FRET experiments (Fig. 6B) . Same experiments were performed with hGBP-5ta revealing a k on of (0.028 AE 0.003) lM À1 Ás À1 and by using the k off determined from displacement assays (Fig. 6D ) the K D of (1.2 AE 0.1) lM was calculated for the hetero dimer formation between hGBP-1 and hGBP-5ta. Intriguingly, the hetero dimers showed higher affinities than the homo dimers of the two hGBP-5 splice variants.
The GTPase activities of hGBP-1 and the hGBP-5 splice variants are stimulated in the hetero dimers
Having the affinities and kinetics of the GTPcSinduced hetero dimerisation in hand, we asked if these parameters can help us to understand the increased GTP turnover rate we observed when mixing hGBP-1 and hGBP-5 (Fig. 1F) . In our understanding, GTP binding induces the hetero dimerisation and the following GTP turnover might then be stimulated in the hetero dimer as it is the case in the homo dimers of hGBP-1 and hGBP-5 ( [24, 26] and Fig. 1E ). Three points emphasise that our observations made with GTPcS approximate quite well the affinities and kinetics of the GTP binding-induced homo and hetero dimerisation. Firstly, GTPcS was turned over by the hGBPs so slowly and the time scales of our experiments were as short that the depletion of GTPcS was negligible (Table 1) . Secondly, comparison of the GTP turnover numbers with the k off values for the GTPcSinduced dimerisation revealed that the nucleotide exchange to GTP during GTP turnover was faster than the dissociation kinetics of the dimerisation (Fig. 1E , Table 1 ). Thirdly, binding of GTP and its analogue GTPcS to hGBP-5 induced the formation of homo dimers with similar affinities (K D values of (12 AE 4) lM and (5.8 AE 0.8) lM, respectively). These hGBP-5 homo dimers were 10-20 times weaker than the hetero dimer that hGBP-5 formed with hGBP-1 (K D value of (0.6 AE 0.1) lM). Although the affinity of the hetero dimerisation is three times lower than the affinity of the GTP hydrolysis-induced hGBP-1 homo dimerisation (K D value of (0.22 AE 0.03) lM), both can be characterised as tight dimers. The affinities of the dimers define the equilibrium between monomers, homo dimers and hetero dimers. In the presence of GTP, all of the hGBP-1 molecules will be part of a homo dimer at a concentration of 5 lM, whereas at the same concentration maximal half of the hGBP-5 molecules will be part of a homo dimer and the rest will be monomeric. If now hGBP-1 and hGBP-5 (5 lM each) are mixed in the presence of GTP as done in Fig. 1F , the increase in GTP turnover rate obtained for this mixture (Fig. 1F, 8 ) can only be explained by the formation of hetero dimers and thus with a larger fraction of hGBP-5 molecules being part of a dimer and stimulated in GTPase activity. Of note, measuring 10 lM hGBP-1 alone and 10 lM hGBP-5 alone resulted each in a twofold increase in GTPase turnover rate (Fig. 1D) as expected for these self-stimulated proteins. In order to distinguish the stimulation of GTPase activity due to homo dimer formation from the stimulation of GTPase activity due to hetero dimer formation we compared the sum of the GTPase turnover rates of 5 lM hGBP-1 alone and 5 lM hGBP-5 alone to the GTPase turnover rate of the mixture of hGBP-1 and hGBP-5 in Fig. 8 . As for the full-length proteins, we obtained similar increases in the GTP turnover rate when mixing hGBP-1 and hGBP-5ta or hGBP-1 and the isolated LG domain of hGBP-5 (hGBP-5 LG, Fig. 8 ). This suggested that the LG domains of hGBP-1 and hGBP-5 or hGBP-5ta in their respective hetero dimers might stimulate each others' GTPase activity as it is the case within the homo dimer [26, 27] .
Hetero dimerisation of hGBP-1 and hGBP-5 is mediated by their LG domains
We tested our hypothesis if the stimulated GTPase activity of the hetero dimer is due to a direct interaction of the LG domains of hGBP-1 and hGBP-5 upon GTP binding. Therefore, we performed a competitive intermolecular FRET experiments which differ from the usual intermolecular FRET set-up by the addition of nonlabelled protein. We mixed equimolar concentrations of donor-and acceptorlabelled hGBP-5 (1 lM each) with nonlabelled, to different extents truncated hGBP-1 constructs (2 lM or 20 lM) and added GTPcS. In these experiments the fluorescence signal obtained for donor-and acceptorlabelled hGBP-5 measured alone represents the maximal fluorescence increase by reporting the maximal amount of hGBP-5 homo dimers. The formation of these homo dimers is competed when the hGBP-1 constructs form hetero dimers with labelled hGBP-5. Table 1 . Affinities and kinetics of the GTPcS-induced homo and hetero dimerisation and GTPcS turnover rates. The value for the K D value of the GTPcS-induced homo dimerisation of hGBP-1 was estimated based on SEC-MALS and intermolecular FRET experiments (published in [25] and data not shown, marked with # ) and the k on values for the homo dimers of the hGBP-5 splice variants were calculated from the respective K D and k off values determined in intermolecular FRET experiments (marked with*). The K D values for the hetero dimer formations were calculated from the k on and k off values determined in intra-and intermolecular FRET experiments (marked with**). GTPcS turnover rates are given for 10 lM total protein concentration. N/A, not available with given experiments. The hGBP-5 constructs used were the two splice variants hGBP-5 and hGBP-5ta and the isolated LG domain of hGBP-5 (hGBP-5 LG). GTP turnover rates were obtained from GTP amounts monitored over time after mixing the proteins with GTP under multiturnover conditions as in Fig. 1F . Error bars indicate the residual square sum per total sum of squares for the initial linear slope of GTP decay (using a minimum of seven time points, Fig. 1F ).
By this means, we were able to directly compare the effects a successive domain truncation has on the hetero dimer -without having to consider the labelling positions or influences of fluorescent dyes on the biochemical properties. We observed in the presence of all three possible competitors (hGBP-1, hGBP-1 DGED and hGBP-1 LG) a smaller fluorescence increase than for the donor-and acceptor-labelled hGBP-5 alone and the signal intensity was dependent on the competitor concentration (Fig. 9A-C) . We could exclude nonspecific binding by testing bovine serum albumin (BSA) which did not affect the fluorescence signal and thus homo dimerisation of hGBP-5 at any concentration (Fig. 9D) . These results illustrated that the LG domain of hGBP-1 was sufficient to mediate the interaction with hGBP-5. Furthermore, in another competitive FRET experiment where we used donor-and acceptor-labelled hGBP-5
LG and competed homo dimerisation of the fluorescent-labelled proteins with nonlabelled hGBP-1 LG (Fig. 9E) , we demonstrated that the LG domains of the isoforms interact directly with each other. In addition, we investigated the direct interaction of donor-labelled hGBP-1 LG and acceptor-labelled hGBP-5 LG nucleotide dependently (Fig. 9F) . Hetero dimerisation of the LG domains required the same prerequisites as hetero dimerisation of the full-length proteins with GTPcS being the nucleotide which induced the dimerisation most prominently (Fig. 1C,  9E) . Overall, we could confirm an LG domain :
LG domain interaction within the hetero dimer and we propose that hGBP-1 and hGBP-5 can activate each others' GTPase activity through this interface. Which residues specifically constitute the interface remains to be determined by further studies employing interface mutants.
Coiled-coil interaction can explain the different dissociation kinetics of the hetero dimers
Both splice variants of hGBP-5 were able to rearrange hGBP-1's GED to some extent (Fig. 5B,C) . This suggested that the LG domain :
LG domain interaction does induce conformational changes which lead to the rearrangement of hGBP-1's GED as shown previously for hGBP-1's homo dimer [25, 32, 37] . The C-terminal domain of hGBP-5 seemed to stabilise the opening of hGBP-1's GED best when comparing the fluorescence time courses of the intramolecular FRET experiments (Fig. 5B,C) . In addition, the hetero dimer formed by hGBP-1 and hGBP-5 dissociated slower than the hetero dimer including the C-terminal truncated splice variant hGBP-5ta. We asked if a second intermolecular interface besides the LG domain : LG domain interface might be the reason for a longer life time of the hGBP-1/hGBP-5 dimer. For the hGBP-1 homo dimer a coiled-coil type GED : GED interaction was demonstrated [34, 38] . When aligning the amino acid sequences of hGBP-1, hGBP-5 and hGBP-5ta and predicting regions presumably forming a coiled-coil by identifying the characteristic heptad repeats, we found the following (Fig. 10 ): Besides hGBP-1's GED, previously identified as coiled-coil domain [34] with thirteen heptad repeats located in the residues 479-585, we identified the residues 464-524 of hGBP-5 composed of eight heptad repeats to be a coiled-coil domain. In the splice variant three of this heptad repeats are left but their corresponding P-score values were above the P-score cut-off of 0.025 and therefore they were not predicted to adapt a coiled-coil formation. In contrast to hGBP-1, which had the entire GED identified as coiled-coil domain, hGBP-5's predicted coiled-coil domain began already in the middle domain of the protein and ended in the centre of its C-terminal domain (Fig. 10 ). This could be expected as the largest divergence between the isoform's sequences is in the region of the GED, although the same secondary structural elements, namely, pure helices, were predicted (data not shown). We concluded that different from hGBP-5ta, hGBP-5 forms a coiled-coil interface upon hetero dimerisation with hGBP-1 in addition to the interface between the LG domains. Thus, the coiled-coil interface may explain the different dissociation kinetics of the two hetero dimers (Fig. 6D , Table 1 ). Also a coiled-coil interface between hGBP-1 and hGBP-5 might be interesting when recalling the recently published study in which a triple arginine motif in the polybasic region (located at the end of the GED) is responsible for the specific targeting of hGBP-1 to S. flexneri [12] . The isoform hGBP-5 was not under the hGBPs guided to S. flexneri by hGBP-1 and some fraction of hGBP-1 seems to reside in the cytoplasm [11] [12] [13] . One could speculate that hGBP-5 might inhibit hGBP-1 from targeting the bacterium by forming a coiled-coil interface during hetero interaction and thus blocking the triple arginine motif in
LG-domain MD GED Fig. 10 . The isoforms hGBP-1 and hGBP-5 but not hGBP-5ta harbour coiled-coil domains. The prediction of coiled-coil domains for hGBP-1 (orange), hGBP-5 (blue) and hGBP-5ta (magenta) was based on their amino acid sequences which are aligned here (x-axis and lower schemes) and assigned to domains referring to hGBP-1's domain topology. The alignment was done using CLUSTAL 2.0.12 multiple sequence alignment [41] and the coiledcoil prediction was done using Paircoil2 [42] with a window length of 28 and a P-score cut-off of 0.025. P-scores lower than 0.025 (red dashed line) predict coiled-coil regions.
order to rescue hGBP-1 from proteasomal degradation which is induced by S. flexneri [11, 13] . Furthermore, within the cell hGBP-1 and hGBP-5 will be present in their prenylated forms. A hydrophobic interaction between the farnesyl moiety of hGBP-1 and the geranylgeranyl moiety of hGBP-5 might serve as a third interface between the two isoforms which could affect membrane binding and oligomerisation. This remains to be addressed by future work. Summarising, this study reveals the biochemical characteristics of the heteromeric interaction between hGBP-1 and the hGBP-5 splice variants biochemically. The GTP binding-induced heteromeric complexes were dimeric and these hetero dimers exhibited GTPase activities stimulated by LG domain interaction, a mechanism which is already known for the homo dimers of hGBP-1 [27] . In addition to the LG domain interaction also C-terminal interactions between hGBP-1 and hGBP-5 were predicted. Both hGBP-5 splice variants induced a rearrangement of hGBP-1's GED within the respective hetero dimer which once again is similar to the mechanism of the homo dimerisation of hGBP-1. We utilised the rearrangement of hGBP-1's GED detectable by FRET in order to determine the affinities and kinetics of the hetero dimers. We obtained significant differences when comparing the affinities of the homo and hetero dimerisation: The hGBP-5 homo dimer showed the lowest affinity of all dimers being 30 times weaker than the tight hGBP-1 homo dimer. Interestingly, the affinities for the hGBP-1 homo dimerisation and both hetero dimerisations were in a similar range. In addition, the half-life obtained from the dissociation kinetics of the hetero dimers between hGBP-1 and hGBP-5 was with (87 AE 5) s the longest of all dimers. In contrast, the hetero dimer of hGBP-1 and the tumour-associated splice variant hGBP-5ta showed the shortest half-life which might be relevant for its higher immunogenicity. Altogether, the observed differences in the affinities and half-lives for the homo and hetero dimerisation may explain the dominance of hGBP-1 within the hierarchical hGBP network.
Experimental procedures

Protein expression and purification
Genes coding for the hGBP constructs were cloned in bacterial expression vectors pQE80L yielding N-terminally histidine-tagged target proteins (His 6 -hGBP-1 and His 10 -hGBP-5). The proteins were expressed and purified as described recently [25] .
Analysis of nucleotide composition
For multiturnover experiments proteins were diluted in buffer C (50 mM TrisÁHCl, pH 7.9, 150 mM NaCl and 5 mM MgCl 2 ) in the presence of 50 lM BSA. Protein samples were incubated with 1-2.5 mM GTP or 250 lM GTPcS at 25°C and aliquots were taken after defined time points whereby the reactions were stopped with 8.5% H 3 PO 4 . The pH was raised to pH 6.2 with 0.8 M K 2 HPO 4 and protein aggregates were sedimented for 2 min at 16 060 g. The nucleotide composition was analysed as described previously [40] . Multiturnover experiments performed in a protein concentration-dependent manner yielded dissociation constants according to Eqn (1) as described in [40] .
with the total protein concentration [E] 0 , the turnover number k cat and the dissociation constant K D .
Labelling of proteins with fluorescent dyes
For intermolecular FRET experiments, proteins were labelled using a molar ratio of 0.9 dye/protein; Alexa Fluor488-C5-maleimide dye (Thermo Scientific, Darmstadt, Germany) was used as donor and Alexa Fluor647-C2-maleimide dye (Thermo Scientific) was used as acceptor. Both protein and dyes were diluted in buffer L (50 mM TrisÁHCl, pH 7.4, 150 mM NaCl, 5 mM MgCl 2 ) and incubated for 10 min on ice. The labelling reaction was stopped and separation of labelled protein from unbound dye occurred by buffer exchange against buffer C with 2 mM DTT (buffer C + DTT) in Vivaspin Turbo 4 centrifugal concentrators (Sartorius Stedim Biotech, G€ ottingen, Germany). For intramolecular FRET experiments, hGBP-1 was sequentially labelled. Firstly, the acceptor dye was incubated with the protein in a molar ratio of 1 : 1 for 5 min on ice. The reaction mixture was applied on a ResourceQ column (6 mL, GE Healthcare, Munich, Germany) and protein fractions carrying one acceptor dye were collected and concentrated. Secondly, the donor dye was incubated with the acceptor-labelled protein in a molar ratio of 1.5 dye/ protein for 15 min on ice. The reaction mixture was applied on the ResourceQ column and protein fractions carrying one acceptor dye and one donor dye were collected and concentrated. Buffer exchange was done against buffer C + DTT in Vivaspin Turbo 4 centrifugal concentrators. Labelling efficiencies were calculated from the absorption at 280 nm (hGBPs), 491 nm (donor dye) and 651 nm (acceptor dye) in buffer C+ DTT, using the molar absorption coefficients of tively, and considering correction factors for the fluorescent dyes provided by the company. Labelling efficiencies were for the intermolecular FRET constructs in a range of 60-90%. In case of the double-labelled hGBP-1 used for intramolecular FRET experiments the labelling efficiencies for the acceptor dye were in a range of 85-95% and the labelling efficiencies for the donor dye were in a range of 100-110%.
Size-exclusion chromatography-coupled multiangle light scattering (SEC-MALS)
Proteins were diluted in buffer C or in buffer C containing 10 mM NaF and 300 lM AlCl 3 (for GDPÁAlF X experiments) without nucleotide or containing 250-265 lM nucleotide (GTPcS or GDP). Online SEC-MALS experiments using the respective buffer as running buffer were performed as published recently [25] . Briefly, after incubation for 5 min at room temperature samples were injected using a loop into the SEC column Superdex 200 10/30 HL (24 mL; GE Healthcare; connected to an € AKTA Purifier system; at 25°C). After SEC, eluate passed a Shodex RI-101 refractive index detector (Showa Denko, Tokio, Japan) and a miniDAWN TREOS light-scattering 506-TS instrument (Wyatt, Dernbach, Germany). Light scattering was measured at angles 44, 90 and 134°. For calculation of the molecular mass distribution, ASTRA 6.1 software (Wyatt, Germany) was used.
Analytical size-exclusion chromatography (SEC)
Proteins were diluted in buffer C containing 250 lM GTPcS and samples were injected, after incubation for 5 min at room temperature, using a loop into the SEC column Superdex 200 10/30 HL (24 mL; GE Healthcare; connected to an € AKTA Purifier system; at 25°C). Fractions of the eluate were taken for further analysis by fluorescence spectroscopy.
Fluorescence spectroscopy
Fluorescence spectra of the fractions from SEC were taken with an LS55 fluorescence spectrometer (Perkin Elmer, Waltham, MA, USA). Fluorescence of Alexa647-labelled protein was excited at 651 nm and emission was detected in the range 600-750 nm using a scan speed of 200 nm per min. Excitation and emission slits were set to 10 and 15 nm, respectively, and the voltage was set to 775 mV. Measurements were done in quartz glass cuvettes (Hellma Analytics, M€ ullheim, Germany) with a path length of 10 mm and at 25°C.
Inter-and intramolecular FRET
FRET from the donor dye to the acceptor dye was monitored time dependently using an LS55 fluorescence spectrometer (Perkin Elmer, Waltham, MA, USA). For both FRET experiments, inter-and intramolecular, the donor was excited at 498 nm and the acceptor fluorescence was detected at 664 nm. Excitation and emission slits were set to 10 and 15 nm, respectively, and the voltage was set to 775 mV. Measurements were done in quartz glass cuvettes (Hellma Analytics) with a path length of 10 mm and at 25°C. Inter-and intramolecular interactions were induced by nucleotide addition (2.5 mM GTP, 1 mM GppNHp, 250 lM GTPcS, 250 lM GDP and 250 lM GMP) after incubating proteins in buffer C or in buffer C containing 10 mM NaF and 300 lM AlCl 3 (for GDPÁAlF X experiments) in the presence of 50 lM BSA for 5 min. Intermolecular FRET experiments performed in a protein concentration-dependent manner yielded dissociation constants K D according to Eqn (2) .
with the relative fluorescence F, the total concentration of fluorescent-labelled proteins [A+D] 0 and the dissociation constant K D .
For intramolecular FRET experiments performed in a concentration-dependent manner the free monomer protein concentration was calculated according to Eqn (3) .
with the free monomer concentration [E] monomer , the total protein concentration [E] 0 and the dissociation constant K D . The dissociation constants for the hetero dimer formation were calculated from the rate constants according to Eqn (4) .
with the dissociation constant K D , the dissociation rate constant k off and the association rate constant k on .
